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The theory described ;- the result of in-house work and represents an application
of the renormalization technique for studying scattering from certain types of vegeta-
tion. A solution for the mean wave is obtained by using the bilocal approximation
of the Dyson’s equation. A Fourier transform of the dyadic Green’s function is nsed
to compute a solution utilizing an anisotropic correlatior. function for the random
dielectric fluctuations. The scattered waves are computed from the mear. wave and
finally the radar backscatter coefficient is calculated. The influence of a rough surface
under the vegetation is considered by using a noncoherent technique.

This task was performed uhder the supervision of Dr. Frederick Rohde, Team
Leader, Center for Theoretical and Applied Physical Sciences; Mr. Melvin Crowell, Jr.,
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SCATTERING FROM A VEGETATION LAYER WITH AN
IRREGULAR VEGETATION SOIL BOUNDARY

INTRODUCTION

This research report presents a theory for analyzing the nature

PURPOSE of radar wave scattering from certain types of vegetation. The

vegetation is simulated by a continuous random medium, and use

is made of a first-order renormalization technique to calculate the radar backscatter

coefficient. The influence of an irregular vegetation soil interface has also been con-
sidered. using a nonzoherent approach.

In a previous report,! a derivation wvas presented of the radar back-
BACKGROUND scatter coefficient from a half space of random medium using a

first-order renormalization solution for the scattered wave and an
isotropic correlation function for the random dielectric fluctuations. Recently, Fung
solved the problem of scattering from a vegetation layer by using a scalar first-order
renormalization approach.? In his solution, however, he did not consider the existance
of a rough vegetation soil boundary. He did consider an anisotropic correlation func-
tion in which the horizontal variation is different from the vertical.

Tsang and Kong solved the problem of volume scattering from a half space random
medium that contains lateral and vertical fluctuations.3 A radistiv transfer approach
was used to calculate the backscattering cross sections up to secor. . order in approx-
imation, This enabled the cross polarized terms to be obtained.

There are two important practical applications for developing and analyzing various
radar scattering theories. The first application is radar image simulation of terrain
features. In this problem, the radar system parameters and terrain parameters are
known and used to calculate a radar response in the form of a gray tone or density.

lR.A. Hevenor, Backscattering of Radar ..uves By Vegetated Terrain, US. Aimy Engineer Topographic Labors-
tories, Fort Belvoir, VA, ETL-0105, June 1977, AD-A047 669.

ZA.K. Fung, “Scattering From a Vegetation Layer,” IEEE Transactions on Geoscience Electronics, Vol. GE-17,
No. 1, January 1979.

3l.. Tsang and J.A, Kong, “Radiative Transfer Theory for Activa Remote Senaing of Half Space Random Media,”
Radio Science, Vol. 13, No. 5, September-October 1978,
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The scattering theories can be used to compute the radar backscatter coefficient,
which in turn is used to calculate gray tone. Using scattering theories in this type of

application is straightforward, even though a solution for any one particular scattering
problem may be extremely complicated.

The second application is in the field of l;emote sensing of terrain in which the sensor
responses must be used to determine various te;rain parameters. Using scattering
theories for this application is not straightforward.

However, there are two important uses of scattering theories that bear directly on
remote sensing. The first use is a parameter sensitivity study. The theory can be used to
analyze the influence of various vegetation, terrain, and radar parameters upon the
sensor response. Such parameters as surface roughness, soil moisture, vegetation height,
and density could be varied onec at a time to determine the influence on the sensor
response. This type of analysis should lead to determining what radar parameters are
most sensitive to certain turrain parameter changes. This type of analysis assumes the

existance of scattering theories that have been developed and compared with existing
experimental data.

The second use is to analyze the radar response for two different types of terrain
features to see if the two features could be distinguished from each other on an image.
Once again, this would assume the existance of scattering theories that have been
developed and tested against experimental data. These applications provide the in-
centive for developing, analyzing, and testing various scattering theories.

In this report, the geometry of the scattering problem to be solved and the basic
technique used for the solution will be discussed. In the analysis section, the derivation
of the necessary equations will be provided. In the results section, the resulting theory
will be compared with existing experimental data, and a study on the sensitivity of the
input parameters will be provided.

In this report, the rationalized MKS system of units is used. A line under a symbol
will be used to represent a vector quantity. A double line under a symbol wili be used

to represent a dyadic. A list of the most important symbols is provided at the end of
this report.
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In figure 1, the scattering geometry of the vegetation problem is shown. A plane wave
with a time harmonic of exp (jwt) is incident from free space at an angle 6, onto a
luyer of vegetation. The mean thickness of the vegetation is L. The vegetation soil
boundary is considered to be randoraly rough according to the tangent plane approx-
imation, The vegetation is simulated by a continuous random medium in which e (I)
and o (I) represent the three-dimensional random dielectric and conductivity fluc-
tuations, respectively. These fluctuations consist of the sum of an average and a fluc-
tuating component. The standard deviations of the fluctuaticns are represented by 7,
and 7n,. The angle of refraction of the mean wave in the random medium is 8,.

k,
Air (1)
X
Vegetation f —>
€(L)=¢,[e, +n,e'(X)]
0, o(L)=0, +ny0'(X)

FIGURE 1. Scattering Geometry.
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The soil below the vegetation represented by medium 3 is assumed homogeneous
with a complex propagation constant k,. The magnetic permeability for all three
media is assumed to be that of free space. The electric field ( E, ) incident onto the
vegetation laver can be written as follows:

E, = {a,8, + a3 + .ak’e‘jko(xsinorzcosﬂ.)

where 8,, 4., and &, are unit vectors in the x, v, and z directions, respectively.
The constants a,, a3, and a; are arbitrary, allowing for the consideration of both
horizontal and vertical polarizations. A first-order renormalization method will be used
to calculate the mean and scattered waves in the random medium. A solution will be
developed first for the case where the vegetation soil boundary is a plane interface.
The irregular boundary will be considered in a noncoherent manner afterwards. The
dielectric and conductivity fluctuation terms (¢’ (I) and o' (I) are considered as
being generated by statistically homogeneous random processes. The means and
correlation functions of the random processes are defined as foilows:

<e'(I)> = <o'(1)>=0
<e(D)e(r)> = <a'(Na'(r)> = elx=xllgly=ylily g la-a'liba

where £, and £, are the correlation distances in the x, y, and z directions,
mpectnvely *’he correlatnon functions have been chosen to be anisotropic. This re-
presentation, with unequal correlation distances, is believed to be closer to reality than
an isotropic correlation function. This is because the size of vegetation scatterers in
a horizontal plane is not the same as the size of the scatterers in a vertical plane, The
mean wave in the random medium is determined from the bilocal approximation of
the Dyson's equation:

[Vx Vx - K21 <E(1)> - [<t(r)e(r)><5(r)> cL(rrhdr' =0

where < E (X)> is the mean wave in the random medium.




E(L)= =jwuyna0' (L) + wiu e n e (L)
“3 - 'jw“oaa + wz"oeoel‘
=l; (I, r ) is the dyadic Green's function.

V' is the volume of the random medium.

In the next section, plane wave solutions will be sought to the Dyson equation using an
infinite space dyadic Green's function. It should be noted that the mean wave is
located in the integrand, making any solution very difficult. Once the mean wave has
been calculated and the appropriate boundary conditions have been matched for the
mean waves in all three media, then the scattered wave in the vegetation layer can be
calculated from the following equation:

[VxVx - K1 E (£) = ¢ (£) <E(1)>

where E (1) is the scattered wave.

The mean wave acts as a source term for the scattered wave, which will be computed
using a Fourier transform technique. This in turn wil! enable the scattered waves
in air to be determined. The necessary boundary conditions will be matched, and the
backscatter coefficient will be calculated for horizontal and vertical polarizations.
The influence of the rough boundary between the vegetation and the soil will be con-
sidered apart from the volume scaitering solution, using the tangent plane method. The
backscatter coefficient for rough surface scattering will be modified by the attenuation
through the vegetation. This result will then be added to the volume scattering solution
to obtain a final answer for the backscatter coefficient. An elementary permittivity
model will be developed that will relate certain parameters of the random media to
the parameters of actual vegetation. A discussion of results section will follow in which
the theoretical results are compared with actual experimental data. Also, a parameter
sensitivity study will be conducted on the theory to determine the influence of various
parameter changes upon the final result.
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ANALYSIS

In this section, the necessary mathematical derivations will be provided to enable
a scattering model for vegetation to be obtained. First,a solution for the mean wave
will be presented and then the scattered wave will be alculated.

MEAN WAVE The first step in obtaining a solution to the Dyson equation

SOLUTION is to write the dyadic Green’s functiox:
N ’ - V V' ’
L(nr) = T-L G, (LL) 1)

where L is the unit dyadic, and G, (4, ') is the scalar Green’s function that satisfies
the followi-.g equation:

(V2 + k)G (LL) = §(1-1) )

The solution for equation (2) is usually expressed in termsof R = |I - I' | How-
ever, this particular form is not useful when working with an anisotropic correlation
function that is expressed in rectangular coordinates. We shall therefore seek a solution
to (2) that uses rectangular coordinates. Let G, (£, r ) take the following form:

Gy (1) = b [ T (k) o "= )

where

k = ka +ka +ka

Substituting (3) into (2) results in a solution for a'o (k).

_ 1
Go (k) = K2 -k - k2 - k2 @

e ot g



When (4) is placed in {3) and integration is performed in the complex k, plane,
G, (.T.L' ) becomes

, j 3

explifk, (x = x) +k,(y —y") -k} Iz=2' |}]

: )
kz
' - 2 2 2
k, = \/ka-kx-ky
Transforming (5) into polar form results in
j oy m
G, (LI) = == f dk f do
[+] [+]
: ’ [N 2 2 '
expli{k(x - x")cosf +k(y = y')sind =/ k: = k* Iz -z h
Vv kf -k?
(6)
k =k ky k, = kcosf k, = ksinf
When (6) is used in (1), the dyadic Green’s function becomes
. - 2 ‘
)
Lar)=——o f dk f do Ctk, 0)B(k, 0) / k2 - L
- 872 A A N4 kZ - ki{ 2 }
(7
« explj {k(x -x')cosd + k(y —y')sinf =/ k: -k?lz-2'1 }]
where
C(k.0) = 8, (ikcosd) + 8, (jksind) + 2,f,(k)

B(k,0) = 3,(-jkcosd) + ay(=iksind) + 2.f; (k)

10
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iV kz-k2 when z> 72’

fik) =
-i+ k:‘:-—kz when z< z’'
and
= \/-k‘f—k2 when z>7'
fz(k) =

j\/kZ—k2 when z<z'

Plane wave solutions to the Dyson equation take the following form:

<E(r)> = A¢lke "2

The vector A can be obtained by matching boundary conditions. The mean wave
is seen to propagate with an effective propagation constant .Be, which must be deter-
mined. When the above equation is placed in the Dyson equation along with the dyvadic
Green’s function given by (7), the following equation is obtain when the cross corre-
lation terms between the dielectric and conductivity are ignored:

el - o

[ Vx Vx = k2E] Aemike L = ¢ (8)

i

KN

2 g

£ = k 1- ] 9)
T k2 T end

k=

jn(n’n} - k2n?) / dr’ f dkf do
.d(k)e—-|x-x'|/£xc-ly-y'l/de-|z-z'|/Qz

ik *(£-X) 1 C(k,0)B(k,6)/ kf ~1] exp [j {k(x - x")cosf

+k(y - y)sind -/ k2 =k? lz=-z"1}] (10)

L
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di) = k// K-k
n o=Vl

The integral in L is allowed to be over all space. For the case where £, is very small
this should be a good approximation except for the points extremely close to either
boundary. By carrying out the integration in .I', one obtains a result for My that
represents the jjth element of the dvadic M.

- r
M; = 4K9,88, /' dk f d9d{k) (k)
(] o

2
+ [F, (k, 0K, (k, 6) +k2 8,1 + h(k) [F,,(k, 0)F,(k, 6)

+k28,1}/ {1+ £k, +keosd)’]

2 i 032
- [1+ 22k, +ksing)*1} (1)
where
®) - ho) = ‘
g( - ——— -
1+ (k,, +/k2=K%) ik, -k =-k?)-1
F, (k,8) = jkcosf F,,k,08) = jksing Fi,k 0 = VKK
F,,(k,0) = jkcosd F,,(k,0) = jksind F,,(k 0) =-j/k: -k
6ij = | wheni=j
8&1‘ = 0 when i #j
K = jmn’n) -Kk2n}) /K]

12
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The form of the incident wave dictates that k,, = 0 and k., = K,sin6;. This
result makes the following elements of the g dielectric tensor become equal to zero:

my
>}
>
>

=0

The above result is easily shown by considering a transformation of (1!) back to
rectangular coord siates and :vcognizing that tae incegrand i even in k,. Carrying
out the indicated differentiation in equation (8) and writing the resu:lt in matrix
form produces

2 2A sa_12A ke °L
kez_koell 0 -kezkosmai koel:i Axe ¢
2 200 122 ke *

0 ki, +kisind, ~k°€,, 0 At o g
(12)

i 0 - k2 2,20 _ 122 Jke *

k_ k, sind, -k2& . 0 kisin’, - k2, , A et 1

S i —

In forming the chove matrix, use has been made of the fact that k,, = 0 and
Kex kosin6;. Now, only solutions for k., are needed. Two solutions can be
developed for k,,, one for a horizontally polarized wave and one for a vertically
polarized wave. For a horizontally polarized wave, one has A, = A, = 0 and
Ay # 0. The following equation can be used to determine k., for this case:

2 2.2 2 dke °L =
Jk2, +k2sir?0, k22, | A elke "L =0 (13)

Since the term outside the brackets is not zero, this means that the quantity inside the
brackets must be zero.

- 2
k, = :!:ko\/ sin Oi-?n (14)

The above result is not an explicit solution for k,, since this quantity also appears
in the integral of M,,. A first approximation for ke, can be obtained by letting
7, = n, = 0. This represents the case where there are no random fluctuations at

O - _ /¥ _xianlp
ke, k. k_sin 0,

13
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The above value can be used to compute M;,, which in turn can be used to cal-
cvlate a new value of k., that will be called k,. The minus sign on the square root
is chosen over the plus sign to consider waves propagating in the minus z direction.

k, = -k /sin?0 =&, (15)

When computing k; in (15), the expression for k(°°z) is used to calculate M,,.
It is interesting to see that even when k, is real, k, st'll comes out complex so that
the mcan wave decays as it propagates into the mecium. This decay has been explained
as resulting from multiple scattering. It is not clear, however, how much multiple
scattering is being considered. For a vertical polarized wave, A, # 0, A, =0,
and A, # 0. This leads to the following determinant:

2 2 - ca 122
kc.-z = koell kukosmoi koel 3
2 2 2 =0
. . A
-k k. sint, ~ l(“é’13 kg (sin”0, ~€,,)
The above determinant provides another solution for k,, .
" . A2 2 A A .2 A A a2
. =k ‘elas‘“ai*‘/‘ns‘“ B,=€;(€,,5in"0, - €, €, , +€),)
ez o (16)
€33

Once again a first approximation for k,, can be obtained for the case where the
random dielectric and conductivity fluctuations dist. pear (n, =1, =0).

® <« _ /W _v2anlp
kez k_ kosm 0i

This value for k., can be used to calculate the elements of the dielectric tensor.
These clements are used in (16) to compute a new value for k,,, which will be

called k,.

. 2 .2 A A 2 ~ Y]
?nss‘"oi"'\/ens“‘ 0,-8,,@, sin"0, -2 €, +2],)

v 0 A
€33

14
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The sign associated with the square root has been chosen as minus in order to consider
waves propagating in the minus z direction. The effective propagation constant for
the mean wave has been determined, and now the amplitude must be calculated

by matching appropriate boundary conditions. The total mean electric field in air
can be written as:

E1(") = { la 8, +azt_ly +2,3,] elkozcoso‘

+[R,8, +R,2 +R,3,] ekorconly | -k xsinby
z>0 A7)

The first bracketed term in (17) is the incident wave, and the second bracketed term
is the reflected wave. The unknowns in (17) are represented by R;, R,, and R,.
However, it will not be necessary to obtain an explicit solution for them since they
are not needed in determining the scattered waves. The total mean electric field in the
vegetation (E,(r)) can be written in the following form, using previous results:

E,() = {T,8,eP1%91% +/T 3 +T,8 )eP2%e2" +V,a eP2%el92"

“PoZ,-jq92 -jk xsinf
+(V,2 +V.2 )eP2ieltar | gdkonsind,

-L<z<0 (18)

where

pl + Jql = _th

p, = Im(k,) qQ, = =-Re(k,)
also

pz + qu = —jkv

p, = Im(k) q, = -Re(k)

15
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In (18), both upward and downward waves have been considered. The unknowns
are represented by the amplitudes T,, T,, T;, V,, V,, and V;. An explicit
solution for each of these is required in terms of propagation constants, medium
characteristics, and layer thickness. The explicit solution is needed to comipute the
scattered waves. An expression for the mean wave in the homogeneous soil medium
can be written as

= (Y ~jk . x3in@; jk12cosh
E.( = (W8 +W,2 +W,a,]g"ern0igksrconds

z<-L (19)

In the soil, the mean wave propagates in the minus z direction and the constants
W,, W;, and W3 are the unknown amplitudes. Once again, no explicit solution
will be required for these amplitudes since they are not needed to compute the
scattered waves. To compute the six amplitudes of the mean wave in the vegetation,
the following boundary conditions are used:

Elx = Ez;.. atz =

Ely = E2y atz = 0
9E,, aEu - aE2z aEzy itz =0
oy 0z ay 9z
dE,, oE,, - oE, aEu atz =0
oz ox 0z ax

E2y = ESy at z = -L
9E,, al-:u - dE,, 653y stz = <L
ay 0z dy 9z

16
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Oy _ OB, _ 3By 0B, . _
oz ox 0z ox

D,, = D,, atz = 0
D,, = D32 at z = -L
D, = <
b, = evEZx2x+ehEZy9y+evEZzgz
where
2 2
q; - p
€, = -—l——z——l—— evaluated at 6, = 0°
wip,
2 2
e, = L Ml S evaluated at 6, = 0°
wp,
D, = &k

where €5 is the dielectric constant of the soil. Two divergence conditions will also
be used, along with the above boundary conditions.

v-E =0 ad V-E =0

When the equations for the mean fields given by (17) through (19) are placed in
the boundary conditions, the result is 12 equations and 12 unknowns. Explicit
solutions are only required for the six amplitudes associated with the mean wave in
the random medium. Solving for these six values yields the following results:

T - 2jk 8, ,8; €080, 20)
2
3131278, 3,
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o

VZ =
Tl

vV, =
T, =
vV, =

The parameters us~d

-2jk 8,8, ; cosd,

8)13)278,8;,

jk,b, , {2a, cosh, +sind,(1 - /e, )la, +a, tand, 1}

bszlz‘bxlbzz

=ik, b, , {2a,cosd, +sind,(1 - € /e, )[a, +a, tan6,]} |

bzlbxz‘blnbzz

1 | eak,sind,
€, [eP2lodazl_gpal laal l k,cosf,

. [Tle-pzt(:iqzl- +Vxe"2"ejq2i‘] _eoeszejqu
«[ay ~ tan6, (T, +V, ~a))]
€, /e, (a3 —tand (T, +V, ~2a})] - T,
1 the above equations are defined below:

(kycosd, = p, =jq,)eP1tettzt
(Gk,c0884 + 0. *jq‘)e“"'em“
jkocosd; +p, +iq,
jk,cosb, - p, —iq,

eP2l el (p, +jq, - a)

= _cpzl-ei«nl-(p2 +jq, + )

18
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(23)

(24)

(25)
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by, == {p, +id; ik, [cosd, +sind, tand (i~ ¢ /¢,)]}
where

= j{kycom, +klsin?0 (1-¢,/e) / (k,cosf,)}

R
[

Now that the mean waves have been fully determined, the scattered waves can be
calculated. The scattered waves in the upper medium (air) will then be used to com-
pute the backscatter coeffieient.

SCATTERED WAVE In the random medium, the scattered or incoherent
SOLUTION field is calculated from the following equation:

[(vx vx - K1EP(x) = £1) <E1)> (26)

For our problem, the mean wave <E (L)> is given by E,(L) asshownin (18).
A superscript 2 is used with E (2)(L) to indicate clearly the scattered field in the
random medium. A solution for this scattered field can be obtained by using a two-
dimensional Fourier transform.

1
(2 & — ke 2
ED(r) o f gk G (k,, 2)e’kt “dt @7)
where
k= ka3 +kg3 I, = x8, +yd

g.(‘_(t,z) = Glx('k't ’z)!x + Gly(kt’z)gy + Gu(‘kt'z)ll

When the complete expression for the mean wave in the random medium as given by
(18) is placed in (26), a term of the form ¥ ( r)exp(-~jk,xsin8,) on the right side
results. This term will b written as a two-dimensional Fourier transform.

19
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S(kt.l) = fm‘te(_[)e-lkoxlinoie'l!g P 9
l »
Hoettortth o o [ s ot (28)

When (27) and (28) are placed in (26) and the result is put in matrix form,

p— ——y o - pa
(k2 -k2-D?) Kk, jk, D, G,y )
2 2 .
-k, k, (k; -k, -D2)  jk D, G, |= [f@
(2v)
ik, D jk,D (k2 +k2 - k’j G f,(2)
L X"z yz X y ] L Il- L-l i

where D, represents the differential operator d/dz. The quantities on the right

side of (29) are defined below:
4

f(z) = Sk, 2)[T eP2" J92% 4 v eP2% ¢l027)

f,(2) = S(k,2)T,eP1* 1% + v, eP1 gIP17)

f(z) = S, 2)[T,e"2" 2% + v eP2* 1922 i

Solutions for the quantities G,,, G,,, and G,, can be obtained by solving the three
differential equations in (29) using the method of variation of parameters.

i

S,

’ ! 1 '
G kp2) = AT 4 A" — f(z)e’* *dz
' 2"kzkl L

' | z ' '
-k, z -ik 2 jk 2
0 €7 17 - ce—— fi z)e t%dz ]
2jk k2 [_[ ( ] ) (30)
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L

'jk' k' 1 k'
G, k,.2) = Bt +B,d*1" - TN [f h(z) ='dz]

] 1 ’ ’
. -jk * S——— ‘jk..d k"
P Ll LS Zik,kz L/L h(z)e z]e“ 31)

Gll(l—(p Z) = (kxAl +oEvBl) éjk;l = (kJéZ +'&BZ)
k, k
K, °~jk;' ] Ky2
i -
tej ¢ 4 -—z-k—;-z—i-:—- [ [kxf(Z)‘kyh(Z)]e’ z du
L
jk 2 x , f
¢ Jk,8 ()
* 2k k32 / [kx“z)'kyh(l)] et (lz--——l:;2
‘L (32)
kK = K-k -k
f(z) = f@Ik}-k3] -k kT, (2) +jk,D,f,(2)
) 1_ 2 .
h(z) = L=t @) - (k] = k)i, (2) - ik, D, £, @)

k
+ -—kl— (k2 +k2 - k), (2)

X

The quantities A,, A,;, B;, and B, are not functions of z and at present, are
unknown. Although the solutions for G,,, G,,, and G,, are rather formidable in
appearance, it will be found after some mathematical manipulations that a solution
will emerge. The three components of the scattered electric field in the upper medium
(z > 0) can be written in the following form:

21




1 (kyx + kK y =k
EU(r) = a7 dk A (k)e/Rx * By = Knat)

1 (KyX + Kyy =Ky g8)
E(.ly)(l) = m/ﬂk'Ay(k‘)e’ xX*+ kyy 128
V() = '5??/““‘ (k) ®x® * Ky¥ = kpa®)

where

AN B
kl = vxo-kx-—ky

(33)

(34)

335)

The parameter k;, wr ) btained by taking any one of ths field components given
above and putting it i the free space scalar wave equation. The superscript 1 is
used to refer to the fiele  the upper medium, which is air. Therefore, E{})(X) would
indicate the x componcnt of the scattered electric field in air. The components of the

scattered electric field in the soil (z <~ L) can be written as follows:

E(3)(L) - _ (k )ej(k X*kyy*k3zz)
[ 34 (2*) t
|
E(S)(L) = dk (k )e.l(l xX*+t kyy + k3 z)
sy (2')2 t 'y
E(3)(.r) = 2/_kC )ej(k x+kyy+ k3z2)
1 11 (2 )

where

/ 2 2 )
k3: k3—kx- ky

(36)

37

(38)

The superscript 3 refers to the computation of the scattered fields in the soil. The
expression for k,, is obtained by putting any one of the field components into the

22
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scalar wave equation, which has a propagation constant kj. The unknowns associated
with the scattered waves are represented by A,, Ay, A,, A, Ay, By, B, C,, Cy,
and C,. The only unknowns for which an explicit sol:tion is needed are A,, Ay,
and A,. Since the only interest is in computing the backscattered far field in air,
complete solutions for the scattered fields in the other mediums are not needed. The
boundary conditions that the scattered waves must satisfy are provided below:

(1) - (2) -
E’x = E’x at z = 0
(1) - gQ2) =
Esy = Esy atz=90
(1) - (1) ) (2)
i)Esz _ oEﬂ_ - aEsz _ aE& i2=0
oy a9z oy 9z
1) (1) (2) (2)
aE“ aEsz aEu c’)Esz t .
- = - at z =
0z 0x 0z ox
(2) - (3) =
Elx - Esx - =-L
(2) _ pg(®» -
E'y = E’y at z = L
(2) 2) (3) (3)
2)Esz _ aEﬂ - aEﬂ _ aEu atz = —L
oy oz oy oz
(2) (2) (3) (3)
.aill_ - EE‘L = anx - aEn at z = _.L
0z ox oz ox

The boundary conditions given above, along .ith the divergence equations in the
two homogeneous media allow ten independent eq1ations to be formulated.

12772

kA, t kA= kA (39)
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k,C, +k,C, =

A, = A +A,+

'
]

¢, = dut {B

ik A, + ik ,A,

kA +tk,A, =

127%x

oG
iy Gyy(kyy = L) - =t

oG

az X 8X
z= ]

X "jk G (kp-L) = Jk

- kszc

0

-—.—'—2 f(z)[e“k'z —e'jk"]dz
Zszk. .

o

2jk k2

B‘+B2+—l—- j h(2)le?*2* - %2 dz

-1

C, = dhak {a JFib 4 a Tl

' ’
1ejkzl‘ +B2e'jk'l‘}

9G
- 3 3
B A i =l (S
oG
] 9z = + k,G,, (K,,0)
z= 0

= jk,C e 32k ik, ef3t

zZw L

Bzcxe.jkhl‘ .jkxcze-jkhL

(40)

(41}

(42)

43)

(44)

(45)

(46)

(47)

(48)

A solution for A,, A,, and A, using the above equations would be quite difficult
for arbitrary values of k, and k,. However, since we are only interested in the
backscattered far field in air, a basic expression for the far field can be obtained by
using the Stratton-Chu integral as modified by Silver.# When equations (33) through
(35) are evaluated on the surface (z = 0) and placed into the Stratton-Chu integral,
the following equation for the scattered far field (Esf ) will result:

4S. Silver, Microwave Antenna Theory and Design,

McGraw Hill, New York, 1947,
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_ 2cosh, (jk(,)e'“‘oR . . . '
S T AR 3, A, (k,sind;, 0) + 3 A, (k,sind,, 0)
+ 3 A (kg sind;, 0) 49)

Where R is the distance from the origin of the coordinate system to the field point

where E ¢ is required. It can now be seen that solutions for A,, Ay, and A, are

only needed for values of k, =k,sind; and k, = 0. When the appropriate expressions

for the derivatives are substituted into equations (45) through (48) and we let
y =0, the 10 equations (39) through (48) become.

kXAx = klez (50)
G = kLG 1)
= A +tA, b=l 52
A 72T kK2 (52)
B, +B, + L (53)
Ay = B TR T o
c, - Jk3zl [AlelkzL + Aze-jkzL] 54)
c, - RLEP [B‘ejkzl. + BzenikzL] 55)
jk,,A, = jk'B, -jk'B, - 1
Fafy T RRTRR T e (56)
’ ]
ki,A, + kA, = kA -k,A, + 3 A +k2/k! D,
JKy
K , f,(0)
t o B m A=A (57)
z z
25
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—k!B,e*2" + k!B,e

!

kgL

= k,,C el 3zt

3:y (58)

! t
Ay kP i3k, yet el - A kP + k3K )+ Kk f(-L)

k232l k€, -k, C,)

(59)

The quantities I,, I,, 1, and I, used in the above equations are integrals in z and

’
- e'jk‘z] dz

are defined below:

]

jkg

4

hz) | &*2* + eI¥22 | 4y

dz

The functions f(z), h(z) and k', can be evaluated at k=0, before integration

takes place. When all the above equations are used to solve for A, Ay, and A,,
the following results are derived:

o

Ak, 0) = b f,(-L) + byf,(0) + j f(2) {bsejk;z

R

]
+ b6e'jkzz } dz

u TV OV AR
R

-L

(60)
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-] o
Ak, 0) = — ——— / h(z)
ik k, (I+a) + k(1-3)) A
4T 4 d g 6
o
Ak, 00 = k {bf,(L) + byf,(0) + / f(z)
-1
o[bse"‘iz + bse'-"‘;‘] dz } / k,, (62)

In the above three equations, k, is to be evaluated at k. sinf;. The new quantities
introduced into the above equations are defined.below: A

i o= k- ksz)e-”kzl' /G, + ky,)

r .
Lk;aly® +k3ky) - K, 2k, +k:)j§““zL
)

% ['ku(kf +12k) + k203, + k2 ]
3 k31kxe.jkzl'
3 = ’ ¥
[k.’,z(kz'3 +k§kz) + k: 20‘%: + kg)]
i, = k3, v+

5 = k0 + kKD (1 - Ty
T = k,k,* + KK,

T, = k;,Gki?+ K}/ kD)

mﬂl
L}

1 e
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<o
—
1]

3 1,2 ~
2klz(kz +kzkx)33 /38

o
w
i

(1 +4,) /5,

by = & /(2ag kik?)

bg = by - b,

If the receiver in the far field is sensitive to a unit polarization vector €, then the
received field (Eg) will be

where &, in general has three components (¢, = 3,e,, + 3, e, + 3,¢;,). The next
step in galculating the backscatter coefficient is to determine the sta‘istical average
of Ep Ep, using (49).

4k§ coszei .

» o _ *
<ERE'_ > = T €€ SAA > + 2Rele, e

Ix ry

“<AA;>] + 2Releer, <AAT>] + el

rxrz

» - - »
-<AyAy> + 2Rele, e <AyAz>] +e. e

1y rz r2rz

)
« <AA) >-§ (63)
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The brackets < -~ ~~> around ExE} are used to indicate the calculation of the
statistical averase. The possibility of e,x and e, being complex is anticipated,
with ¢, always being real. What is required now is the computation of each of the
six ferms inside the brackets of (63). The determination of < A,A';> will be con-

sidered first:
o o l
= 2, 2
<AAJ> = kX! M M? f dzf dz/ dx
-L -L Yoo
./dx' / dy /dy'<£(_[)£"(.{')>

. ?(z, z') exp[-2jk (x - x')sind,] (64)
where
<E(£)€.(LI)> = (wZ”:ng,’_k:nf)e-lx-x'|/2xe-|y-y' l/de‘IZ-Z'I/QZ
A e !
fz,z'y = El’é':'TzT;eD 1272’ 4 '5'1 Tza;V;eD 12¢D 22

~ = Dll ‘D;l' —~ 3 Dlz 'DIZ'
+ aszTze e + aszvz e e
+ ~ v ~‘T. Dzl D;Z' + 'éfhaf-v v‘ebzz eDiz'
a,vya,1ye ¢ 131 V2 V2
+ 3, V. T* P22 P32’ TV V*eP22 D2’
1272 122
[4
~#r & Dz D}z _ =~ * D3z D}z
+ aszTze e + alTZVZe e
] [}
+ T, T P22 ¢ P22 4 T,V eP27 oDz

. _! " 4
+ VAT eP1z el s +w;v2v; eD1z D2z

o ! L
+V,TyeP12eP2® 4y viePi2 iz
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where

=)
"

. =p, +iq-kK) ad D, = —(p, +jq +jk})

-1
o a2 '
iy Ky (1+a) + k(1 -4))

The form of ?éz, z') given above appears to be very complicated. However, each of the
16 terms in f(z, z') consist of simple exponentialsin z and z’' and therefore can be
integrated easily. It should be remember when computing D, and D, that p,
and q, are real, but k', will be complex. Making the substitution that u = x — x’
and v =y ~ y’' and transforming the x and y integrals into integralsin u and v
produces

]

<AAI> = (@hlnd + K RACIMM? / dz

~-L
o - - - -
/ dz’ [ du f dv f dx'j dy’
-L - - - -

-2jk qusinb; e-'u |/Qxe-|v |/2ye~|z—z' /%2

f(z,z") e
(65)

The integrals in x' and y' appear somewhat meaningless. These integrals actually
represent the illuminated area in the xy plane, since it is physically unrealistic to have
backscattered energy from a portion of the surface that is not illuminated. Considering
the integrals in x' and y' to form the illuminated area (A;) and carrying out the
integrations in u and v will yieid the following result:

2.2.2 4_.2\12,02 L]
42nyAl(w uony + konl)k.k: M‘,M0
(1 + 4k22sin0))

*
<Ay}\y >
o

/ dz dz' ?(z, zl)e‘ lz - z' l/gl
. (66)
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Consider now a typical term of ?(z, z') which is of the form Ae"e"" where A.a,
and b are not functions of z or 2z', and make a transformation of variables from

z and 2’ to n, =z-2' and 2" =2'. Then, the results of carrying out the integration
for this one term becomes

] o
f dz / dz' Ae*? ebz'e~|x -2 /e _
-l -L

AQ. ’ l—Q‘b + Ql(l"’b)e."'(." lIQz)_(l +22a)e'l'(” b)
(a+b) (1+2,3) (1-2,b)

1-fa + g a+b)et /AR _oL4®) () 4 pg )
(1 + 4,b) (1-2,a) ;

When the answer for the integration in z and 2z' given above is used for each of the
16 terms in ?(z, 2'), then the final result for < Ay A'y> can be written.

2 2.2 4.2y.2 %2 *
<A A*S = 42,2, %,A,(w By * konpk kM M/
" (1 + 4k222 sin%0))

16 A, ; 1-2,d, +2(c, +dn)e-L(cn +1/%2) _ a +Qlcn)e-l..(cn +dp)
.Z (Ca ‘f'dn) (]+chn) (]_den)
n=1

(67)
l _chn + Q,(Cn +dn)e-L(dn + 1/22)‘_ e‘L(Cn + dn) (‘ +dn2;)

(1 +2,d,) (1-2c,)

The values for the A,'s, the c.'s, and d,'s are provided in appendix A and

zimply come from the expression for ?(z, z'). Using the methodology for computing
< A,A; >, one can caluclate all the remaining terms in (63). All of these other

terms are given in appendix A. An expression for the radar backscatter coefficient
() can be written in terms of <Eg Eg >

s
.
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47R <EgEp >
A 'E‘I g:

(68)

The subscript v on 03 is used to indicate a volume scattering result from a plane
layer of random medis. No consideration for rough surface scattering is given in q,°.

Using (63) and the expression for the incident wave given previously, one can write
a final result for of:

2.2
o k,cos°6,;

* | L}
7(aya, + aja, + a,ay)

L
o e, €y %, t 2Re (e, e, a

X Vrx Cxx y]

+ 2Re (e, e, o, ,] + e o+ 2k, sing,

Iy 'yy
* Re [ery erz a)(y /klz] + erz e:z a:z (69)
where
axx = <AxA:>/Al
a, = <AAI>/A
a,, = <AAI>/A
= *
a, = <AA;>/A
Uy = <AzA;>/Al

Consider now the form of o] for horizontal and vertical polarizations. The following

parameters are used to describe a wave that is transmitted with horizontal polarization
and horizontal polarization is received.
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a, = 0 e, = 0
a, = ] &y = 1
a, = 0 e, = 0

For these parameters, the backscatter coefficient can be given the additional sub-

scripts of HH to indicate horizontal polarization transmit, and horizontal polarization
receive.

(]

Oapuy = kz a, coszoi /n ((70)

The case of vertical polarization transmit, vertical polarization receive can be char-
acterized as follows:

a = cosb; €, = cosb;
a3 =0 ey = 0
3, = swing, €. = sma‘

The backscattier coefficient associated with these parameters can be given the addi-
tional subscripts VV.

2 2
ko Cos Bi

n

LA gaxx cos?6, + 2Re [a,, cosd sind,]

A}

+a, Si"20i$ an

If a result is computed for the cross-polarized backscatter coefficient (HV or VH),
the term will diszppear. The reason for this is that the particular elements of the dyadic
M, which would yield cross-polarized terms in the mean wave, are all zero. Next,
let’s consider the influence of an irregular vegetation-svil boundary.

o A
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In this section, we will consider what must
MODIFYING THE VOLUME be doae to equations (70) and (71) to include {
SCATTERING RESULTS TO IN- the influence of a rough ground surface. It is
CORPORATE THE INFLUENCE expected that the influence of the rough surface
OF AN IRREGULAR VEGETA- would be greater when the angle of incidence
TION - SOIL BOUNDARY is small. Also, as the vegetation height or density

gets larger, less scattering is expected from the
ground surface below. In what follows, the horizontal and vertical polarizations will be
considered separately.

Consider a horizoatally polarized wave incident from free space onto a layer of vegeta-
tion that has an average thickness L. The interface between the vegetation and soil
will be considered as randomly rough in such a way that the tangent plane approxi-
mation is applicable. The radar backscatter coefficient (o,°m) will be considered as
the sum of a term resulting from surface scattering and a term resulting from volume y
scattering.

O4n = Oyus OXP [- 40, Lsecy,, ] + oy, (72)

In equation (72), 6y Tfepresents the backscatter coefficient for a randomly rough

surface with a guassian distribution of surface heights. The subscript s indicates sur-

face scattering. The quantity a; us is multiplied by a decaying exponential in which ‘
@, is the imaginary part of the e?fective propagation constant and V., is the true

angle of refraction for the mean wave in the vegetation. The second subscript 1 on
) and V,; is used to indicate horizontal polarization since these parameters will
have different values for vertical polarization. The effective propagation constant
(k, ) can be obtained from k,.

T 2 2 - 2 1.2
kol" k"+k“ -kh+k°sm0

i

If we now let k., = B,, —jx,, and in place of k, weput jp, -q,, then we can
solve for §,, and a,,.

By = Py 005 (84,/2)

a,, = % sin(9,,/2)
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Where p,, and ¢,, are defined below:

"
pa = | artad ¢ @l v idunte, - o

b = tan“; k! (
°

qj + k: sin’O‘ -;f

The planes of constant phase for the mean wave in the random medium are used to
calculate an expression for secy,, .

V/ Kisin0, + o35, cosv, - @, siny, )

Py (B4 c087) ~a,, siny, )

sec ¥y
Where p, and v, are given below:
b= {aalblsint o, + [1- ) -biuint0,1?

.2
2a,b,sin 0‘

-
v, = Y%tan
' I - (a = bd)sin?0,
a koﬁol b = koael
1 - 2 2 1 T2 2
ﬁol + @1 pol + %y

Many derived expressions are available for the backscatter coefficient from a randomly
rough surface using the tangent plane method. The following equation will be used:$

R2
° = (" 2 2
—————— 1 -sin® ¢ {2(1 —g cos v..)
%us am? cos* v, g ol o ol

- sin? g, (1 +g)] f exp [-tan? ¥, f(4mD)]  (73)

SR. A. Hevenor, Backscattering of Electromagnetic Waves From a Surface Compased of Two Types

of Surface Roughness, U.S. Army Engineer Topographic Laboratories, Fort Belvoir, Virginia.
FTL -TR~71-4, October 1971, AD-737 67S5.
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The quantity R, in (73) represents the Fresnel reflection coefficient and can be
computed as follows:

pol c0s wcl - ‘/p: —ﬂnzl sinz u'ol
B, cosy,, + \/Bg-ﬁfl sin Vei

In calculating R, we have neglected the effect of the imaginary parts of the pro-
pagation constants. The term m, represents the ratio of the standard deviation of the
surface fluctuations to the correlation distance. The quantity g, is defined by the
following expression:

2B, ©0s ¥,
V8~ B sinty

8, =

el

A final equation can now be written for o; u that considers both the volume-scat-
tering and surface-scattering effects.

R?
0 .
Oy = 1-sin? ¢, [2(1 =g cos? ¢_.)
H 4m? cos* Ve ; ol % el

- sin? g, (1 +g2)] f exp (~tan? y,, /(4m?)]
. exP[‘Mel L sec W,ll + k: ayy 00820‘/'"’ (74)

In the same manner, a complete solution for vertical polarization can be obtained:

2 rocin?
r o sin® Y, cos Y,
oy = s b+ °2 — [2rsiny,,
4m_cos” Y., T,

l', l'; . 3
+ I, cos ¥, + -—-;—sm Vea €OS” Vg,
o
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* exp [-tan2 Vea! (4m3)] exp [~4 a,, Lsec ¢,,]

kg coszoi
t ——
n

The new quantities introduced into the above equation are defined below:

]

B Py, €08 (9,,/2)

LY 922 sin (¢e2/2)

The quantities p,, and ¢,, are given as follows:

2 . .2
a,, cos“8, + 2Re [cosf, sinf; axz] + a,, sin 19i

~

, %
Pey = ’403 a + (a; + k] sin’0; - P§>’$
2p,q,
¢e2 = tan.l ; t
q; + k2sin?6, - p]
2 .2 2 a2 : T
e v ) \/ko sin 01 + P (}3ez cosy, - «, sm-yz)
e2
Py By, cosy, = &, siny,)
= 4a?b2sin*0 + [1 - (a2 - b2)sin20,12 "
f, 202 i 2 70 i
2a,b, sin?0
1, = ‘/ztan'l 272 i

1 - (a3 -b2)sin0,

where a, and b2 are

37

iy
AR 1 P -

R
Sy 5 fr.‘fi\?{“'" F

— ¥



ko ﬁez b ko c'e2
a = — =
2 2 2 2 2 2
Bez + acz ﬁeZ + aez

ﬁ§ cos ¥, - B,, \/232 - ﬁz sin? Y.,
o Bleosy,, +8, VB - B,sin’ v,

262 8, sin ¥, (B3 -8 )
\/B?. BZzsm wez{ﬂzcos wez +6e2 \/2 52 sm2 weZ}

—y
-

Equations (74) and (75) are the final results for the radar backscatter coeffieient
for horizontal and vertical polarizations. Before the results of computing equations
(74) and (75) are shown, an elementary vegetation permittivity model must be
developed that relates some of the model input parameters to the com olex dielectric
constants of vegetation and water.

To determine the influence of various
DEVELOPMENT OF A VEGETATION vegetation parameters (such as moisture

PERMITTIVITY MODEL content) upon the calculation of the
backscatter ccefficient, one must relate
some of the permittivity parameters in

the scattering model to the physical parameters of the vegetation. Peake and Oliver’s
model® will be used to calculate the relative complex dielectric constant of vegetation

(€, )

€, = (F/2)Re[€, ] + j(F/3)Im[&, ]

6W H, Peake and T.L. Olives, The Response of Terrestrial Surfaces at Microwave Fre uem:xes. Technical Report
AFAL-TR-70-301, The Ohio State University, Electroscience Laboratory, AD-884
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where F is the fraction of water by weight in the vegetation; Re| ?w ] and Im|[ é‘w ]

are the real and imaginary parts of the relative complex dielectric constant of water
(€, ), which can be written as

75
1 + j(1.85/A)

-
Gw-

where A is the wavelength in centimeters. For particular values of A and F, we can
now compute Ev. With a knowledge of é‘v, one can estimate the average relative
complex dielectric constant (€, ) by using the following

& = (V,8 +¢, VIV,

S~ -~ vV 2
€, = Re[€,] o, = —we, v Im(E)
T

where Vy, is the volume occupied by the vegetation; V, is the volume occupied
by air; V; is the total volume equal to V, + V,; €, is the relative dielectric
constant of air, assumed equal to 1. The variances n% and 17% can be computed
by using the following formulas:

v, (6,', - €, 32 + V, (e, - ¢'.=‘)2

2
’71 = !
VT :
2 2
ﬂz = vv(av_aa) +V,0
2
Vr
where
o, = ~we Fimle, )/3 and e"' = Re[&,]

The symbol R, shall be used to designate the volume ratio V / V1.

The developed model for the radar backscatter coefficient is now complete and cal-
culations can be made. In the next section, computed results will be shown, and the
theory will be compared with some existing experimental data.
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DISCUSSION OF RESULTS

In this section, some numerical calculations will be shown for the theory derived in

the previous section, and a study will be presented of the influence of the verious
input parameters on the backscatter coefficient. Two computer programs were de-
veloped for solving equations (74) and (75). One program solves for equation (74)
and the second solves for (75). The solutions to the half-space and plane layer prob-
lems are also generated for comparison. A listing of the computer program for solving
equation (74) is given in appendix B. The 10 input parameters to the programs are

Fraction of water by weight in the vegetation ( F )
Volume of vegetation divided by the total volume ( Ry )
Correlation distance in the x direction (£, )
Correiation distance in the y direction ( Qy )
Correlation distance in the z direction (¢, )

Mean thickness of the vegetation layer (L)
Relative dielectric constant of the soil below the
vegetation (€, )

Conductivity of the soil below the vegetation ( 05 )
Frequency (f)

Ratio of the standard deviation of the rough surface
fluctuations to the correlation distance of the
fluctuations ( m ).

NS W -

© 0w

The output of the computer programs is the backscatter coefficient in decibels as a
function of incidence angle. The backscatter coefficient in decibels is related to the
backscatter coefficient as follows:

0° (in decibels) = lOlogloa°

The backscatter coefficient on the right side of the above equation is computed by
(74) or (75). The following discussion centers on figures 2 through 30, which show
the results of computing equations (74) and (75). Figures 2 and 3 come from
Ulaby and Bush and provide pertinent ground truth data associated with the experi-
mental measurements. Figure 4 comes from Cihlar and Ulaby’ and provides a re-
lationship between soil moisture and relative complex dielectric constant. Figures 5
through 15 provide 2 comparison of the developed theory with experimental data
taken from a cornfield by Ulaby and Bush.8

7F.T. Ulaby and T.F. Bush, Corn Growth as Monitores by Radar, The University of Kansas Center for Research,
Inc. RSL Technical Report 117-57, November 1975,

8F.T. Ulaby and J. Cihlax, Dielectric Properties of Soils as a Function of Moisture Content, The University of
Kansas Center for Research, Inc., RSL Technical Renort 177-47, November 1974,
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Figure 4. Representative Dielectric Constant Values as a
Function of Volumetric Water Content.




The soil moisture is obtained from figure 2 for a particular set of measurements per-
formed on a given date. This soil moisture is used along with the curves of figure 4 to
determine the relative dielectric constant and the conductivity of the soil. Throughout
all comparisons of theory with experiment, it has been assumed that the soil type is
a loam. In comparing theory with experiment, remember that certain input parameters
to the theoretical model were not known and had to be estimated; whereas, other
input parameters were known from the ground truth data collected during the ex-
periment. The unknown input parameters are Ry, £, Qy, £, and m,.

In figure 5, the theory is matchad to the experimental data for corn that is at a height
of 30 centimeters. The large rise that occurs in ¢° as 6; goes from 10° to 0° is
indicative of a rough surface effect. In this case, the rough surface is quasi-specular
since mg is given such a small value. It can be seen that to match the theory with the
experimental data, it was necessary to let £, be different from £, and tolet £, be
much smaller than &, or ¢,. The fact that £, is different from £, shows an
anisotropic effect in the horizontal plane, which probably arises from the corn being
planted in rows.

Figure 6 matches the thcory to experimental data for corn that is 2.3 meters high. It
can be seen that a good match is obtained for £, equal to £,, indicating that the
anistropic effect in the horizontal plane has essentially disappeared for 8.6 GHz. The
values of the parameters used for Ry, £,, &, £,, and my in figure 6 are also used
in figures 7 through 10 to determine whether the model could provide a correct
prediction of ¢° for different values of F, soil moisture, and vegetation height.

Figures ~ hrough 9 show an excellent agrecinent between theory and experiment.
Figure 1u shows an excellent agreement between theory and experiment for angles of
incidence equal to and greater than 30°. For angles of incidence less than 30°, the
agreement is poor. A possible reason for this poor agreement may be due to the rainfall
that came prior to the August 15th measurements. The rainfall could have disturbed
the soil surface in both a physical and an electrical manner such that its scattering
behavior is no longer predictable from prior values.

Figures 11 and 12 show an attempt to match the theory to the experimental data
for frequencies of °° SHz and 13 GHz. It can be seen that to obtain a good match,
the v~ v. .. 2, . £, must be altered from the values used at 8.6 GHz. This
seems to indicate that as the frequency goes higher, the vegetation medium becomes
more complicated and the anisotropic behavior becomes more pronounced.
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In figures 13 through 15 a match is shown of the theory with experimental data for
verticai polarization. For all three curves, 2, must be made unequal to Qy to obtain a
good match. In figure 16, the variations are shown in the experimental measurements
of ¢°, which can occur throughout the spring and summer for alfalfa. Large variations
in the backscatter coefficient occur prior to and after harvesting.

Figure 17 presents a study of soensor-look direction with respect to vegetation planted
in rows. The two parameters o, and o Tepresent the backscatter coefficient when
the look direction is perpendlcular and parallel to the rows, respectively. We see that
when 6, equa{s zero degrees, o and o) are equal. However, for 8, greater than
Zero degrees, 0, is greater than o . The lheoretncal results agree only partically wnth
the experimental results given in ﬁgure 18, which comes from Batlivala and Ulaby.?

Figure 19 provides a study of backscatter coefficient versus layer thickness for two
angles of incidence. For the 6; equal to zero curve, the solution for 0° with a rough
layer differs from the half-space solution by approximately 16dB (decibels) for a
layer thickness of 0.5 meters. As the layer thickness is increased, the solution for o°
at 0; equal to zero, approaches the half-space solution. The 6; equal to 20° curve
also approaches the half-space solution when the layer thickness is increased. In this
case, ¢° differs from the half-space solution by only about 3.5dB when the layer
thickness is 0.5 meters.

Figure 20 presents a study of the skin depth of the mean wave versus incidence angle
for three different frequencics. For a horizontally polarized wave, the skin depth is
taken to be the reciprocal of p,, which was derived earlier as part of the solution to
the Dyson’s equation. It should be remembered that the mean wave decays for two
reasons, absorption and scattering. For a frequency of 8.6 GHz, the skin depth goes
from approximately 5 meters at 0; equal to 0° down to 1 meterat 8, equal to
80°. When the frequency is increased, the overall level of the curve is lowered con-
siderably, but it does not drop off as fast with increasing incidence angle.

In figure 21, the solutions are compared for the half space, the plane layer, and the
layer with a rough surface. For angles of incidence between 0° and 30°, the rough
interface at the vegetation soil boundary can have a dramatic effect on ¢°. In this
case, it is clearly not sufficient to use a plane layer model.

9P.P. Batlivala and F.T. Ulaby, The Effect of Lcok Direction on the Radar Return From a Row Crop, National
Acronautics and Space Administration, Lyndon B. Johnson Space Center, Houston, Texas, RSL Technical Report

264-3, May 1975.
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SOQURCE : P.p, Batlivala and F.T. Ulaby, The Effect of Look
Direction on the Radar Return From a Row Crop,
National Aeronsutics and Space Administration,
Lyndon B, Johnson Space Center, Houston, Texas
RSL Technical Report 264-3, May 1975,

Q

Figure 18.  Scattering Coefficient 0° as a
Function of Incidence Angle at (a) 2.75GHz,
(b) 5.25GHz, and (c) 7.25GHz. Data set
#1, July 16, 1974,
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In figures 22 through 30, a sensitivity-of-parameters study is presented. In this
study, the input parameters are varied individually to determine the overall effect on
the scattering coefficient. In figure 22, a study is provided of ¢° variations with F
(the vegetation moisture content). When 0, is greater than 20°, the larger values of
F produce higher levels of 0°. The shape of the ¢° versus 6, curve does not change
much, but the overall level is significantly different. At approximately 8, = 10°,
a crossover of the curves exists such that the curve with the highest moisture content
now yields the lowest value of ¢°. The reason for the crossover is that two entirely
different mechanisms are responsible for scattering. For 6, greater than 20°, the
volume-scattering mechanism dominates so that higher moisture in the vegetation
results in larger backscatter values. However, for angles of incidence 0, less than 10°
when the mechanism for scattering is dominated by the rough surface under the
vegetation, the higher moisture values result in lower ¢° values. This is because the
higher moisture values provide more attenuation of the mean wave, which means that
less is available for scattering from the rough surface.

Figure 23 presents a study of o° variations with the parameter R, . The smaller
value of Ry yields a larger o° value for small angles of incidence. This is again
because rough surface scattering dominates for small angles, and smaller values of
Ry mean that more cnergy gets down to the surtace. A crossover occurs at approx-
imately 8, = 15° where the volume scattering result begins to dominate. Another
crossover occurs between 6, = 40° and 6,= S0° such that for angles larger than 50°,
o° falls off faster for the larger value of R,,. The reason for this second crossover is
possibly because that for the larger value of Ry, the lower interface between the
vegetation and scil no longer provides a contribution for backscattering.

Figure 24 presents a study of ¢° variations with L (the mesn thickness of the
vegetation layer). For small angles of incidence, the smaller value of L yields larger
values of 0°. The rough surface below the vegetation is dominating the return and
the smaller value of L provides a lower attenustion, thus making more energy avail-
able for scattering from the surface. A crossover point occurs around 6; = 12°, which
indicates that volume scattesing is now beginning to dominate and so the thicker
layer will yield a larger value of ¢”. Another crossover point occurs at approximately
6; = 67°. This crosscver peint possibly indicates that for L = 2 meters, the lower
interface is having no influence, but for L = 0.5 meters, the lower interface still
provides a coatribution.

63




e 4

.
‘d P suopeues 0 jo Apm§ 77 undiyg
saada wr 3ouaprouy jo Iduy
os oL 09 os L4 of 174 o1

tan
L
e
sea

00 = ‘w

LYl = [0S Jo A31anonpuo)

T8 = [0S JOIURISUOD JUIIIIA( AEY
PPW | = SSIUNIMY] 1ake]

wwzpp = %y wwz = fy - ¥
THO8 = J 0000 ="M
[BIUOZUO :UONEZUEIO]

ttttt
--------------------------------------------------------------------------------
.

S19qERp W 0

64




M yum suoneuep 0 Jo Apmi§ ‘g7 3L

sea1fa@ W douapduy jo dfduy

o8 oL 09 0s

0T

01

ST e e e = o o —— e T

————na

H

$00 = "W
L9'1 = [10§ JO A)AIONPUOD
7’8 = [0S JO JuBjsuo) SMIIIPI(J ANE[RY

1919Ul [ = SSAUYOIY]L InKe]
wwzoo = ¥ wwy = 5y = %3
ZHOR = ] 80 = 4

{BI'PZUOY UOTJRZUE[O{

oF-

65

S19qI9p Ul 0

174

e aewe i

o

N [ N e e PO 3




R .
- P - . e T S -

“] LM SUOHEUEA 0 JO APmIS ‘p7 unBig

s2a183g w 2ouapoul Jo IfBuy
] oL 09 os or of oz ot 0
v L 4 o L] v LS L] sl
~ ?T
“, 1 1&!
b e e .

66

PW §°0 = ] sRpPWE = q

siaqpep w0

$00 ='w

: (91 = TOS JO AjAnOnpuo)
| : 7'8 = [10S JO JUBISUOD) SHID3[AI(] FANRIY
wwzgo = 0 wwg = y =

70000 = *¥

ZHO8 = J} 80 = d

[2IUOZUOY :uONBZLIR[O]

P S




Figure 25 shows a study of ¢° variations with soil moisture. The soil moisture in-
fluences both the dielectric constant and the conductivity. The effect is shown of
doubling the soil moisture underneath a !-meter layer of vegetation. Thus, doubling
the soil moisture content increases the level of 0° slightly over all angles of incidence,

In figure 26, a study is presented of ¢° variations with frequency for two angles of
incidence. We see only a slight frequency dependence at 8; = 10°, because the rough
surface scattering is independent of frequency except for the attenuation portion.
At 6; = 30° where volume scattering is playing a more important role,we see a very
significant frequency dependence.

In figure 27, 0° variations with the parameter m, are shown. This parameter re-
presents the ratio of the standard deviation of the rough surface undulations to the
correlation distance. The most specular surface (m, = 0.04) yields the highest value
of 0° at 8, = 0°. However, for this surface, ¢° falls off very fast with increasing
incidence angle so that at 8, = 20°, the rough surface effect has disappeared. When
m, is allowed to increase, the value of 0° at 8; =0° decreases. Also, as m, increases,
the rough surface influences o° over a larger range of incidence angles.

In figure 28, o° variations with £, are shown. Notice first that a change in £,
yields virtually no influence upon 0° for angles of incidence less than 10°. For
angles of incidence greater than 10°, the curve associated with the larger value of
. is higher until a crossover point is reached around 6, = 48°. For angles of in-
cidence greater than 48°, the curve associated with the larger value of £, falls off
much faster than the curve associated with the smaller value of £,. Increasing the
value of £, will then move the curve upward for angles of incidence less than about
50°, but will lower the curve for angles of incidence greater than about 50°.

In figure 29, ¢° variations with 2, are shown. Once again, notice that a change
in 2, has virtually no influence on ¢° for angles less than 10°. For angles of in-
cidence greater than or equal to 20°, an increase in £, results in an increase in
0°. Therefore, increasing 2, simply increases the level of the curve for angles equal
to and greater than 20°.

In figure 30, ¢° variations with £, are shown. For angles of incidence less than 10°,
changes in £, have no influence on 0° owing to the dominance of the rough surface.
For angles of incidence greater than 20°, increasing the value of £, simply increases
the overall level of the curve without changing the shape. It can be seen that the o°
curve is sensitive to slight changes in £,. A change in £, of only a fraction of a
miliimeter produces a significant change in ¢°. This sensitivity may make any attempt
to determine £, in a rigorous experimental manner very difficult.
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This section concludes with a brief discussion on the limitations and difficulties en-
countered in developing the theory presented in this report. It appears valid to simulate
a region of vegetation with a continuous random medium, although it is not certain
as to how well the first-order renormalization technique does in solving the problem.
It is not clear how much multiple scattering is being considered, and it is not even
clear as to how much multiple scattering must be considered. A free space dyadic
Green'’s function was used in solving the Dyson’s equation; however, what should
have been used was a Green's function applicable to a layered problem. Such Green’s
functions are very complicated to develop and work with. Also, it is not clear how
much the final result will change if a more complicated Green’s function is used.

An equation for the radar backscatter coefficient 0° was developed by first obtaining
plane wave solutions to the Dyson’s equation. Expressions were found for the z
component of the effective propagation constant for both horizontali and vertical
polarizations. The mean wave was then used to calculate the scattered wave, which
in turn was used to compute 0°. The final result for ¢ indicated the necessity to
develop a permittivity model that would relate some of the permittivity parameters
in the scattering model to the physical parameters of the vegetation. This was accom-
plished with only limited success since a rather elementary permittivity mode! was
used. The final result for ¢° still contained five input parameters that were unknown.
The five parameters are £,, 2, £,, Ry, and m,.

Further work in this area should attempt to determine correlation functions and
distances, as well a3 Ry and m, to relate clearly theory and experiment. An aniso-
tropic correlation function was used; however, this did not result in a depolarization
term, The existance of depolarization is clearly evident from the experimental data.
The reason for this depolarization is, as yet, unknown. A depolarization term could
be obtained by computing the scattered field to a second-order approximation. It
could also be obtained by initially allowing for an anisotropic random medium. At
this time, it is unclear which approach is correct.
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CONCLUSIONSE

For certain types of vegetation, such as corn, the irregular vegetation soil bound-
ary dominates the backscattering results for angles of incidence between 0° and
20°. Any remote sensing of surface phenomena beneath vegetation should be
done in this augular range.

The effect of the rough surface boundary between the vegetation and soil

increases with decreases in frequency, vegetation moisture content, vegetation
volume, and layer tluckness

Increasing the soil moisture content increases the level of the ¢° curve slightly.

Using different correlation distances in x and y does not completely explain
the effect of look direction on scattering from a row c:op.

The o° curve versus incidence angle curve is sensmve to very slight changes
in the correlation distance in z.

The predlctabmty of the a° curve is dependent on meteorological phenomena,
such as rain.

The correlation distances and the vegetation volume ratio do not stay constant
throughout the entire growth cycle of the corn crop. However, once the crop
matured, these parameters remained fairly constant.

Because different correlation distances were required to match the experimentsl
data for horizontal and vertical polarizations, a more correct model for the
vegetation may be an anisotropic random media model.

The predictability of the ¢° versus incidence angle curve depends upon a very
detailed knowledge of the dielectric fluctuations of the vegetation and the sur-
face roughness properties of the soil below. However, such knowledge for
particular vegetation features does not exist at the present time. This detailed
undcrstanding should be obtained if theoretical models are to have ultimate
usefulness in predicting scattering from vegetation features.
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APPENDIX A. Definition of Terms Involved in Computing

<AAT >, <AAN>, <AA>, <AA>, <AAN>
Repeating equation (67) produces

42,2, 2, A (wuin? + kind)kik M M

<AAl> =
vy 202 wn2
(1 + 4k 2 sin‘0))
L All { 1- QJldJ + QZ(CL'Q' di)e'l‘(cn +1%) _ A+ Qlcj)e'l-(cn +dpy)
Z (c, +d,) (1+%c) (1-24d)

n=1

L(é, + 1/R)  L(cy +dg)
l—chn + Qz(cn +d e n e n M +d x,)

(1 +8,d) (- &¢c,)

The values for A, ,c,, and d  are defined below:

~ . _ _ .

A, = 3ET,T, ¢ = D d = D

~t L]

A, = 8TV, ¢, = D d, = Db

— . - _ .

Ay, = AT,T, ¢ = D d, =-D,

A4 = é’szvz Cs = Dl d4 =—Dl

A, = 3T V.aT, = D = D,

s - 1Vl ¢ = 2 d, = 1

A6 = al't'ilVZV2 Ce = D2 d6 = D

- o~ 3 - - L ]

A, = T,V,T, ¢, = D, d, =-D}
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' A basic expression for <A, A; > can be written as follows:

"

v,V

<A A'>
X X

Cg = D:
¢ =-D,
%0 - D,
¢y * =D,

(2]
[
|

O

12 2
¢j3 =-D
¢ *-D
¢s == D
e =~ Uy

48,2 2, A (w*uin}

10

11

12

13

14

15

16

L opd,2
+ konl)

202 .2
1+ 4k°flxsm Ol)

LB+ 1/8) _ L(Bp+ 7
l—‘Qz‘yn+Qz(ﬁn.*.lyr|)e " v (I+Qzﬁn)e i "

(1+2,8,) (1-2,7,)

1= 2,8, + 9B, +7,0e P * T (144 1)

e R

+2,7,) (1-%,8,)
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Before giving the values for A ,, B,, and 7,, the following parameters are defined:

D} = b, +ia, -jk,

O
"

2 = =(p, +iq, +ik))

=
[}

2_2 .2 L
1 = b [T &=k ain?6)) - T,k k! sing)

-2
L]

2 2 2 '
2 = b [V,(k2-K} sin?8)) - VK k! sing)

= 1_,2,2 '
h, = by [T, (k2~k2sin?0,) + T,k k. sind,]

o
[}

2_42 2 '
bs [V, (k, - k; sin"6,) + Vk k, sind,]

The values of A, 8,, and v, will now be written in terms of the above parameters:

A, = hhy 8 = D L W D;‘
A, = hh 6, = D 7, = D
Ay = hh} B, = D 13 = Dy
Ay = ow s = b v = D
A5 = hyh B = D, % = D
Ag = hyhy B = D, % = Dy
Ay = hyhy & = D " =-Dy
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. <
!
- | : " R
3 Ag = hyhg Bg = D, W =-D .
‘ | X
v - . = ! = D" i
: . . : R
| Ao = Byl Po =-D, -~ o 2
] - b - U . - DI.
| Aqy = hyhy By =-Dy T =-D;
v ' [ _- [
Ayy = hyhg b =-D T2 =- D
' R . - r - [
> Ayy = hyhy Bs =-D  Ths = D
, ] o o . s
Ay = ey By =-Dy Yie T M2 |
P . ) » - » Y '__ ' - Dm : s o : 1
| - Ays = hyhy Bis =-Dy nis =- Dy |
’ ' - e
Ay = hyhy | Bie =-D e =~ Dy / {
The basic equation for <AxA; > can be written as . i

o —42,8 2,A(wulnl +Kkind) k12 M, ;
<AAY> = = A
(1 + 4k222 sin?6))

1-2p, + 8,0, +pn)e'l‘("n 1 1/8) —(i+ len)e-L(vn + Py) :

16 P, {
'2 Wy + Py) | (1+8,2,) (1-8,p,) T
T

n=1

1-2p, v  4p)et®n* 1) LolWnt ) (14 ¢ )
+

(1+%,0,) (1-2,9)
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<AA">
2 2z

<A A'>S
X 2
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APPENDIX B.

Computer Programs for Calcuhting the Backscattering Coefﬁcieh ts
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LIST OF SYMBOLS

Position vector
Permittivity of the random medium
Conductivity of the random medium

Average relative dielectric constant of the
random medium

Average conductivity of the random medium |

Standard deviation of the dielectric fluc-
tuations

Standard deviatior of the conductivity fluc-
" tuations

Mgan thickness of the vegetation layer
Complex propagation constan: in the soil
Anglg of incidence

Free space propagation constant

Infinite space dyadic Green's function

Mean wave in the random medium

Infinite space scalar Green's function

Scattered electric field in the random
medium

Three-dimensional Dirac delta function
equal to § (x - xS (y~-y) b (z-2"

Unit dyadic

Unit vectors in x, y, and z
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k,. k, Fouri-.r transform variables z
oy Kronecker Delta
Koys Keyr Koy (c?;:ao::én‘s of tae effective propagation g |
ky, Value of k,, for horizontal polarization _j%
k, Value of k,, for vertical polarization :
G (k,.z) ' Two-dimensional Fourier transform of the ; |

Ak, k), Ay (kg Ky )y Ay, k)

scattered electric field in the random me-
dium

Fourier transform of the amplitudes of the
scattered electric field in air

Illuminated surface area

Correlation distances in x, y, and 2, re-

~ pectively

Backscatter coefficient for volume scattering
and for the case of horizontal polarization
transmit, horizontal polarization receive

Backscatter coefficient for volume scattering
and for the case of vertical polarization
transmit, vertical polarization receive

Backscatter coefficient for a randomly rough
surface for the case of horizontal polar-
ization transmit, horizontal polarization
receive

Final backscatter coefficient result that
includes both volume scattering and rough
surface scattering for the case of horizontal
polarization transmit, .orizontal polariza-
tion receive
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Final backscatter coefficient result that
includes both volume scattering and rough
surface scattering for the case of vertical
polarization transmit, vertical polarization
receive

Fraction of water by weight in the vege-
tution

Volume of vegetation divided by the total
volume

Standard deviation of the rough surface fluc-
tuations divided by the correlation distance

Frequency
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